This paper analyses and compares different methodologies for supporting system frequency in low inertia power systems using HVDC interconnectors. Reduced system inertia, caused by the massive integration of converter-interfaced renewables and the displacement of conventional synchronous generation, can result in high values of rate of change of frequency (ROCOF), increasing the risk of frequency stability problems. In this paper, HVDC interconnections are analysed to determine their capability to provide support to the frequency stability between the Great British (GB) power system and the Continental Europe (CE) power system. Different frequency support control schemes (including droop control and the exchange of Frequency Control Reserves) are modelled and compared for a variety of cases. HVDC interconnector constraints including maximum power ramp rates and available capacity for frequency support have been derived by analysing historical operational data and incorporated into the analysis. Probabilistic uncertainty analysis considering variations in system inertia and the availability of interconnector capacity for frequency support has been performed. Studies are performed on a simplified frequency-based model of the future GB power system. The findings illustrate that droop control provides the best frequency support mechanism.
Introduction
When accessing the performance of a power system, frequency stability is a significant factor. Although it is a reasonable expectation that the frequency will vary around the nominal value, the system frequency should be always within a tolerable range in order to make sure that the power system and all equipment connected to it operates as expected. If, however, large load or generation disturbances occur, this temporary imbalance between electrical load and primary energy source (typically the mechanical torque from turbines) must be buffered by the kinetic energy within the rotors of synchronous machines. This causes the machines to speed up or slow down and therefore for the frequency to rise or fall. The rate of change of frequency (ROCOF) is dependent on the size of the disturbance and the total system inertia available to resist these changes in rotor speed. If system inertia is high with lots of synchronously connected rotating mass, the ROCOF will be smaller, providing more time for frequency control schemes to react [1] . Higher inertia, therefore, will typically lead to higher levels of frequency stability.
Sufficiently high inertia has been an inherent property of traditional power systems [2] . However, as the scale of renewable energy sources (RES) proliferates, this is changing. RES such as photovoltaic or wind energy are often interfaced through inverters. This decouples any mechanical system from the electrical system so these energy sources can be considered to be non-synchronous, providing no inertia. As RES displace conventional generation sources, this results in a low inertia system with less stable frequency behaviour.
There are three well defined levels of traditional frequency control: primary control, secondary control and tertiary control. Primary control acts to reduce the ROCOF to zero but results in steady state frequency error. It typically takes approximately 2 s to start and 10 s to be fully deployed. Secondary control then acts to reduce any steady state error and restore nominal frequency (typically in 30-60 s) and tertiary control involves the re-dispatch of generation sources to ensure suitable economic and security-based performance. For frequency stability, primary response is of critical concern.
The potential issue with existing hierarchical frequency control is the time taken for primary control to deploy in low inertia systems. A 2 s delay is not problematic if ROCOF is 0.05 Hz/s but becomes catastrophic if ROCOF is 1 Hz/s or greater. Thus, novel control schemes such as the use additional supporting control from devices such as high voltage direct current (HVDC) interconnections as well as the use of synthetic inertia are needed to ensure the frequency stability of power systems with low inertia. In this paper, the use of HVDC interconnections to provide fast frequency support is investigated.
There has been significant research into frequency control methods that can be applied to power systems with low inertia [3] - [7] . It has been highlighted in this body of work that novel frequency control for frequency stability is of critical importance to low inertia systems. Additional frequency regulation methods to maintain the stability have been analysed to reduce the frequency variability and ROCOF. In [3] , the frequency response of a wind-based power system with low inertia was regulated using a droop controller. The work in [6] utilised two additional frequency control loops within wind turbines to improve the frequency stability.
Much research has been completed on the specific topic of utilizing HVDC interconnectors to enhance the frequency stability in low inertia systems [8] - [13] . In [8] , it has been shown that the HVDC frequency control scheme is able to provide frequency regulation and improve the frequency behaviour when a fault event occurs in an inertia-less system that consisting of wind turbines. The impact of HVDC interconnectors on the fluctuation of power system frequency has been analysed in [9] . In order to enhance the stability of system frequency in the power system with large penetration of wind generation, the work in [10] and [11] have proposed coordinated control strategies for the HVDC interconnectors.
This paper investigates suitable control modes for implementation with HVDC interconnectors based on the concept of exchanging power between two asynchronous areas when a sudden disturbance occurs in one area. The HVDC interconnection performances between synchronous areas Great British (GB) and Continental Europe (CE) are simulated considering anticipate inertia both under present conditions, as well as projection for the year 2025. Such a scheme would require suitable contracts and arrangements to be made to enable cross-border frequency support. It is assumed that such contracts exist and any details relating to this are outside the scope of this work.
The practical limitations of HVDC interconnectors, including permissible ramp rates and available capacity for frequency support, are considered to assess which schemes are most practically suitable. Real usage data of the links connected to the GB system is used to determine available capacity. Furthermore, uncertainty is considered by treating the system inertia and available spare capacity as stochastic. These results highlight that only relatively small amounts of capacity are required for frequency support to have a significant impact on frequency stability.
Methodology
This section describes how to model the power systems and the control frequency support control schemes of HVDC interconnection that have been applied in this project for investigations.
System models
A standard frequency response model of a power system is used as shown in (1) . In (1) , is the inertia constant (= 2 ), and is the self-regulating damping caused by the load response to frequency changes.
The fundamental task is to establish the parameters for this simplified model of the GB power system. These can be obtained from [14] , where the inertia is given as 7560 MWs/Hz, self-regulating effect ( ) is 1.5% and the low load demand ( ) is approximately 25 GW.
In order to model the low inertia system expected in the future, the inertia value reduced by one third in order to represent the impact of displacing conventional generation with converter interfaced energy sources.
The schematic configuration of the power system model can be represented as Fig. 1 where load disturbance are simulated with step change of . Note that there is a Δ signal which is used later to represent changes in power flow in any HVDC interconnections.
Fig. 1: Configuration of low inertia GB power system
For the CE power system, the model structure is the same but the parameters are different. The load demand of the CE power system is modelled as 320 GW, with the inertia constant being 48600 MWs/Hz and the same self-regulating effect as GB system [14] .
Droop control
Droop control is a typical control scheme for HVDC based frequency support that has been proposed many times. It is based on standard proportional frequency control for power systems, however the HVDC system is capable of responding much faster -enabling fast frequency support through interconnectors. The controller works by determining the frequency difference between the two interconnected systems and using this as the input to a proportional transfer function that is operating with a droop gain . According to [13] , a reasonable value of droop gain between GB and CE power system could be 2133 MW/Hz. A delay is also included to represent the converter delay (the time taken from requesting additional power to the converter delivering it). This is modelled as a first order delay with = 0.3 s.
All power flowing into and out of the HVDC lines must be balanced and so the use of this control following a load disturbance will in turn, disturb the second interconnected system. This will cause a frequency excursion that will need to be contained by that system's conventional frequency containment reserves, or FCR -hence the previously discussed need for appropriate contracts and agreements.
The schematic of the droop-based HVDC frequency control where the GB and CE power systems are linked by interconnectors is shown in Fig. 2 (a) . Each sub-system (the GB system, and CE system) are modelled as previously outlined and shown in Fig. 1 .
Exchange of FCR control
The other frequency support control scheme studied within this work is the concept of exchanging frequency containment reserves (FCR). This essentially means that a system will have access to the conventional FCR in the interconnected system via the HVDC interconnectors. Exchange of FCR is similar to droop control. However, this control scheme only uses the frequency measurement of one system (whereas the implementation of droop studied utilizes the frequency different). A delay is modelled again but now = 4 s as this delay represents the time for the FCR in the second system to respond.
The final schematic for the exchange of FCR control scheme is shown in Fig. 2(b) .
(a) Droop control (b) Exchange of FCR Fig. 2 . HVDC-based frequency control schemes.
Existing and future HVDC links to GB
In order to incorporate realistic assumptions and limits of operation, it is important to establish the HVDC links that will be in operation shortly. Presently, two links exist between the GB and CE systems (IFA and BritNed) however many more are planned. The proposed HVDC links up to the year 2020 are detailed in Fig. 3 . This information is used throughout the study to inform the modelling simulation parameters used. 
Results and Discussions
This section will discuss the results of the numerous studies that have been conducted. These are introduced and discussed sequentially for clarity. To improve the validity of the results, realistic system constraints including the rate of change of power in each HVDC line and total available power capacity will be taken into consideration during these studies.
Validation of control schemes
The first stage is to establish the frequency behaviour of the low inertia GB system model. To complete this, the GB system is subjected to a 1000 MW load step change at a time of 10 s. Initially, no HVDC frequency support is modelled. The frequency response of the GB system is shown in Fig. 4 Fig . 4 . GB system frequency response to load increase.
As can be seen from Fig. 4 , the maximal frequency drop after the fault occurred is 0.55 Hz. This would typically be considered unacceptable (outside ±10% of nominal). To help mitigate this phenomenon, the HVDC interconnectors connected between the GB and CE systems are utilized for frequency support.
The rate limit for each HVDC link is assumed to be 45 MW/s as in [13] . To create a reasonable 2020 system scenario, it is assumed six HVDC links are installed and equipped for frequency support. This does not represent all the links detailed in Fig. 3 . In addition, the case with no HVDC-based frequency support is also simulated (this is the same response as in Fig. 4) . The frequency response of the GB power system when subjected to the same 1000 MW disturbance as previously simulated is shown for the discussed cases in Fig. 5 . Firstly, it is highly evident that the inclusion of frequency support from the HVDC lines makes a significant improvement to the frequency response of the system. In all cases, the frequency drop is contained to within approximately The faster response of the droop can be seen in Fig. 5 also. This faster frequency support action results in a reduced rate of change of frequency (ROCOF) compared to when exchange of FCR is used or a combination of droop and exchange of FCR is used.
Controller gain sensitivity
The relative performance of the droop and exchange of FCR control schemes have been investigated further by examining their sensitivity to variations in the gains settings ( and ). The impact that variations of these settings have on the maximal frequency drop in the GB system Δ and the ROCOF are compared.
To investigate this, the values of and are varied around their nominal values of 2133 (from 1733 to 2533 in steps of 200). The droop and exchange of FCR case studied previously described (with three lines operating with each control scheme) is used. For each controller gain combination, the system is subjected to the same 1000 MW load disturbance in the GB system as used previously. The values of Δ and ROCOF for each controller gain combination have been recorded and are shown in Table 1 and Table 2 respectively. It is evident from the results provided that variations in have a more significant impact on both Δ and GB system ROCOF than variations in . However, the differences with respect to Δ are quite limited with only marginal variations between the impacts of the two controller gains. The effects on ROCOF are more significant, with variations on the droop controller having a much more noticeable effect than seen when varying .
Impact of inertia uncertainty
To improve the robustness of the analysis, uncertainty modelling of the system inertia has been introduced to identify the variability in frequency behaviour that this causes. As inertia is dependent on the number of synchronous machines connected, it has been assumed that this is broadly correlated with the system loading which typically is modelled as following a Gaussian distribution. For this work, the inertia of the system was modelled with the previously stated value as the mean and a standard distribution equal to 5% of this mean. This equates to 3 (or 99.7% of variability) within ±15% of the mean.
This uncertainty is incorporated into the study using a Monte Carlo (repeated random sampling) approach with 1000 simulations per study. In addition, studies were performed with increasing numbers of HVDC lines as available (or not) to support system frequency. For this investigation, all HVDC lines are operating with droop control.
The results obtained for maximal frequency drop in the GB system (i.e. Δ ) are shown in Fig. 6 as a boxplot. The boxplot provides a compact way of presenting the results of sampled data. The box represents the first and third quartiles ( 1 and 3) , the line within the box represents the median, and the whiskers extend to 1.5 × ( 3 − 1) with outliers marked beyond these points. 
Spare capacity analysis
Whilst results from Section 3.3 and Fig 6 demonstrate that increasing the number of HVDC lines available for system frequency support is valuable (and helps to mitigate for uncertainty), it assumes that all lines have limitless available capacity available for frequency support. Obviously in practical power systems this would not be the case as many lines will be operating at or near their capacity limits at times and there is often little overload capacity (particularly with VSC-HVDC lines).
To include plausible and realistic limits on the capacity available for frequency support (from here onwards referred to simply as spare capacity), the usage data for a real HVDC interconnector between the GB and CE systems has been analysed. This has been completed by analysing the usage of BritNed over one year of operation (2015) using data extracted from [15] .
The usage of the BritNed interconnector is shown in Fig. 7 . A positive operating capacity means that the interconnector is importing power to the GB system from the CE system (and likewise a negative implies GB power export). It is clear that the link is often operating near maximum capacity. However, this is not always the case and some small spare capacity may be available for frequency support. To model this spare capacity as an uncertain parameter, a probability density function (pdf) for the spare capacity must be produced that can then be sampled during the Monte Carlo process. Spare capacity values for each of hour of the day are determined from Fig.7 simply as 100% −operating capacity. Note that this assumes that if operating at −100% (i.e. full capacity export from GB to CE), during a low frequency event an available capacity of 200% (full power flow reversal) would be available for frequency control. However, this oversimplification is never realised as the rate limits of 45 MW/s ensure that such large power swings can never happen in the timeframes considered here.
A kernel density smoothing algorithm is used to produce the pdf of spare capacity for the BritNed interconnector. This is shown as Fig. 8 . This pdf clearly shows that there is mostly only a small amount of spare capacity within the line available for system support. 50% of the time there is less than 7.2% spare capacity available, and 90% of the time there is less than 31.6% spare capacity. Remember it is assumed that there is zero overload capability and that the system on the other side (in this case the CE system) is able to provide this support. 
Combined uncertainty analysis
The pdf shown in Fig. 8 can be sampled from in order to include the uncertainty of the spare capacity in the analysis alongside the uncertainty of the system inertia. It is assumed that these are independent features and are not correlated. The full Monte Carlo process was performed once more modelling these aspects as uncertain. It was assumed that all links would display the same spare capacity as the BritNed link (i.e. this was sampled once per Monte Carlo run and multiplied by the total HVDC capacity). As spare capacity is likely to be based on market price differences and all links are connected between the GB and CE systems, this was deemed to be appropriate. However, the actual correlation between multiple HVDC lines between similar areas is an ongoing area of analysis.
The frequency responses obtained from all the performed simulations are shown in Fig. 9 . This plot shows the range of frequency deviations that could be expected considering both the uncertainty in HVDC spare capacity and variations in inertia. This plot displays the envelope of possible responses that could be expected. Note that in all of these cases, the disturbance is the same as previously used, a 1000 MW load increase in the GB system.
The plot in Fig. 9 shows that the maximum frequency drop in the GB system is in the range of [−0.55, −0.28]. This matches with the previously obtained results during this study. Fig. 9 also gives an indication of how the traces for system frequency are distributed across this envelope of performance. Fig. 9 . GB system frequency responses considering uncertain inertia and uncertain spare capacity for frequency support. Fig. 10 . Maximum GB system frequency drop against spare capacity for uncertain Monte Carlo study.
To further analyse these system responses, a plot of maximum GB system frequency drop (Δ ) against spare capacity (which was randomly sampled) has been produced and is shown as Fig. 10 .
This figure shows how the availability of more spare capacity for frequency support improves the system performance and reduces Δ in absolute terms. This is as expected. However, it is interesting that there's a turning point on the plot at approximately 6% spare capacity. Beyond this point, there is essentially no further gain to be made in having additional spare HVDC capacity as it cannot be deployed or used in the timeframe of interest due to the imposed rate limiters. Whilst this precise numerical result is only valid for the test conditions of this simulation-it is highly likely that a similar situation would arise in practical power systems. Furthermore, it can be seen that only a small amount of spare capacity is required in order to make sizeable improvements to the system frequency behaviour.
Conclusions
This paper has examined the ability of HVDC interconnectors to support system frequency in low inertia power systems. Different control methodologies have been examined and simplified models of the GB and CE systems have been used to explore possible control strategies for future operation.
It has been identified that droop control schemes (with their fast response) can have a more significant impact on the ROCOF in a power system experiencing a load disturbance, compared with the exchange of FCR scheme investigated. The impact of gain variations has been explored and system uncertainties have been modelled to establish the possible range of system behaviour that may be witnessed. Both system inertia and spare HVDC capacity have been modelled as uncertain. The distribution for spare capacity has been produced by analysing the usage of the BritNed interconnector using real data.
The results obtained have highlighted that with many interconnectors installed, only small amount of spare capacity are required to make significant and dramatic improvement to system frequency performance. The precise quantification of this level of spare capacity required for different systems and the value of reserving this (compared to using HVDC capacity purely for market-based power exchange) is an area of ongoing research.
